background: In this study, we aimed to develop a model for embryo selection based on oxygen consumption following cryopreservation, the relationship between the developmental competence of blastocysts and their oxygen consumption was assessed.
Introduction
Assisted reproductive technology (ART) carries a major risk of multiple pregnancies and births that are associated with adverse maternal and infant outcomes (Wright et al., 2008) . The principal factor contributing to this risk is the policy of transferring more than one embryo into the uterus. There is a growing trend toward transferring fewer embryos in many countries, but the practice of single embryo transfer (SET) remains uncommon (Andersen et al., 2008) . While the most effective means to minimize multiple pregnancies is to limit the number of transferred embryos, this policy must be balanced against the acceptance by patients and clinicians of the reduction in the pregnancy rate (Pandian et al., 2005) . Many patients and physicians remain uncertain about an elective SET policy in routine clinical practice. The contribution of supernumerary cryopreserved embryos to cumulative reproductive outcomes is essential when performing SET.
Consequently, the establishment of selection criteria for cryopreserved embryos on the basis of its developmental competence has gained importance since more embryos are now available for cryopreservation. Therefore, the establishment of a new parameter is required for the selection of single embryos that have high developmental potential after cryopreservation.
Mitochondria produce ATP, which is necessary for cell activity by oxidative phosphorylation. The tricarboxylic acid cycle (TCA) cycle has a higher ATP production ability per mole of substrate when compared with the anaerobic glycolytic pathway. Thus, oxygen consumption relates to the quantity of ATP production and mitochondrial respiration may be an effective index of embryo quality.
Several methods of measuring oxygen consumption have been reported, including the Cartesian diver (Mills et al., 1967) , spectrophotometric (Magnusson et al., 1977 (Magnusson et al., , 1986 Nilsson et al., 1982) and fluorescence Thompson et al., 1996; Donnay and Leese, 1999) methods. However, these methods are unsuitable for clinical use because they have low sensitivity, are unable to measure oxygen consumption of a single embryo, and are invasive to the embryo because of the exposure to the fluorescent dye and long time required for measurement.
Successful measurement of oxygen consumption of a single embryo by using scanning electrochemical microscopy (SCEM) based on a selfreferencing microelectrode and nanorespirometer has been reported in mice (Trimarchi et al., 2000) and cattle (Abe et al., 2004; Lopes et al., 2005 Lopes et al., , 2007 . Recently, Utsunomiya et al. (2008) demonstrated that the oxygen consumption of a single human embryo at the cleavage stage can be measured by using a modified SCEM system. They showed that embryos with an appropriate oxygen consumption had a high ability to develop into blastocysts. This measuring method is based on the calculation of the difference between oxygen levels in the vicinity of the sample and far from it (Trimarchi et al., 2000; Abe et al., 2004; Lopes et al., 2005 Lopes et al., , 2007 . Furthermore, it has been shown that the presence of appropriate energy substrates is important for accurate measurement of oxygen consumption (Trimarchi et al., 2000) . Magnusson et al. (1986) suggested that human embryos that consumed more oxygen developed into blastocysts more quickly than did those that consumed less oxygen. It has been shown that the formation of the blastocoel cavity is dependent on Na/K-ATPase (Watson, 1992) . Thus, the oxygen consumption of the blastocyst just after thawing is believed to be correlated with the subsequent re-expansion of the blastocoel. To test this hypothesis, we measured the oxygen consumption of human vitrified-warmed blastocysts and examined the relationship between the developmental competence of blastocysts and their oxygen consumption 0-24 h after warming.
Materials and Methods

Blastocysts
Forty-four cryopreserved blastocysts were used for this study. Informed consent was obtained from all patients after ART treatment for the use of blastocysts in research. This experiment was approved by the local ethics committee of the IVF Namba Clinic. The mean age of the women donors was 33.4 years. This study included blastocysts whose degree of expansion was categorized as BL3/4 (from full blastocyst to expanded blastocyst stage) and whose inner cell mass (ICM) and trophectoderm (TE) grades were categorized before freezing as A or B, according to Gardner and Lane's (1997) criteria. The blastocysts were vitrified and warmed as previously described (Kuwayama et al., 2005) . In brief, blastocysts were equilibrated in 7.5% (v/v) ethylene glycol (EG), 7.5% (v/v) dimethylsulphoxide (DMSO), 20% (v/v) synthetic serum substitute (SSS, 99193; Irvine Scientific, St. Ana, CA, USA) dissolved in tissue culture medium (TCM) 199 medium for a maximum of 15 min, confirming shrinkage and re-expansion and transferred into vitrification solution which consisted of 15% (v/v) EG, 15% (v/v) DMSO, 1.0 M sucrose and 20% (v/v) SSS dissolved in TCM 199 medium. Each embryo was picked up with a small amount of vitrification solution (,1 ml) and placed on top of a very fine polypropylene strip (0.4 mm width, 20 mm length and 0.1 mm thickness). As soon as the embryo was placed on the strip, it was immediately submerged into liquid nitrogen. This procedure was carried out in 1 min. For warming of vitrified blastocysts, the strip was immersed into 1 ml of 1.0 M sucrose in TCM 199 at 378C for 5 min, and then washed in culture medium. After warming, they were cultured individually (Blastocyst Medium; COOK Medical, Queensland, Australia) at 378C under 5% CO 2 , 5% O 2 and 90% N 2 .
Blastocysts were segregated into four groups based on their developmental stage at 24 h after the culture. Hatched blastocysts were categorized into the hatched group; blastocysts in the hatching stage were categorized into the hatching group; blastocysts in the pre-hatching stage were categorized into the arrested group and degenerated blastocysts were categorized into the degenerated group. For controls, the oxygen consumption of 10 blastocysts that had been cryopreserved at the pronuclear stage on the day after IVF and cultured for 4 days after warming, and whose degree of expansion was categorized as BL3/4 was measured. To define a numerical blastocyst morphology grading system based on Gardner's grading system, the blastocyst grade was converted to the multiplicative blastocyst quality score (BQS) proposed by Rehman et al. (2007) . The BQS is a metric of blastocyst quality that is based on established morphologic criteria, and it is defined as the product of the degree of expansion and hatching status and ICM and TE grades, where grade A is given the value 3; grade B, 2 and grade C, 1. For a 3AB blastocyst, the BQS is 3 × 3 × 2, giving a BQS score of 18.
Oxygen consumption
After the morphological evaluation, oxygen consumptions of the TE adjacent to the ICM and far from the ICM were measured using an SCEM (CRAS-1.0; Clino Ltd., Miyagi, Japan) as previously described (Abe et al., 2004) at 0, 1.5, 3, 4.5, 6, 7.5, 9 and 24 h after the culture at 378C under air. Briefly, each blastocyst was transferred into a well filled with human tubal fluid-buffered with 21 mM HEPES containing 2.7 mM glucose and 0.33 mM pyruvate (Modified HTF Medium; Irvine Scientific, CA, USA) containing 5% (v/v) SSS, where it sank to the bottom of the cone-shaped microwell and remained at the lowest point. A platinum microdisk electrode was loaded into 5 ml of HEPES-buffered medium, and its tip potential was maintained at -0.6 V versus Ag/AgCl with a potentiostat to monitor the local oxygen concentration. The microelectrode scanned along the z-axis from the edge of the sample, and the oxygen consumption rate was calculated with custom software based on the spherical diffusion theory. Oxygen consumption rates were measured at one point of the TE located near the ICM and at two points of the TE far from the ICM if the ICM was identified. If the ICM was not identified and the blastocyst shrank just after thawing, oxygen consumptions were measured at three points of the TE. It took 2 min for the measurement of oxygen levels.
Cell number
After the measurement of oxygen consumption at 24 h, blastocysts were stained with 10 mg/ml of bisbenzimide H 33342 trihydrochloride (Hoechst 33342; Sigma, MO, USA) and the cell numbers were counted using fluorescent microscopy (TE2000; Nikon, Tokyo, Japan).
Cytochrome c oxidase activity
Seven vitrified-warmed blastocysts were fixed at 0 h and two vitrifiedwarmed blastocysts were fixed at 24 h after warming to observe cytochrome c oxidase (CCO) activity as described in a previous study (Nonaka et al., 1989) . Briefly, they were fixed in 2% (v/v) glutaraldehyde (TAAB Laboratories, Berks, UK) and 0.15 M sucrose (WAKO, Osaka, Japan) in 0.05 M phosphate-buffered saline (PBS) for 15 min at 48C. After rinsing in the same buffer, they were incubated in 1.4 mM 3,3 ′ -diaminobenzidine (DAB) tetrahydrochloride (Sigma), 0.1% (w/v) cytochrome c type II (Sigma), 0.23 M sucrose and 0.0002% catalase (w/v) (Sigma) in 0.05 M PBS for 3 h at 378C. Blastocysts were then washed in PBS for 1 h. They were post-fixed in 1% (v/v) osmium tetroxide (TAAB Laboratories) for 2 h at 48C. Next, they were dehydrated in Respiration of vitrified-warmed blastocysts increasing concentrations of ethanol and embedded in epoxy resins. Ultrathin sections were stained with uranyl acetate and examined using transmission electron microscopy (JEM-1011; JEOL, Tokyo, Japan).
Statistical analysis
BQS and oxygen consumption data were analysed using analysis of variance (ANOVA) followed by the Tukey-Kramer test. The relationship between the blastocyst cell number and blastocyst oxygen consumption at 24 h was analysed using the correlation coefficient (r). P-values of ,0.05 were considered significant. Data are represented as mean + SEM. Statistical analysis was performed using StatView version 5 (SAS Institute Inc., Cary, NC, USA).
Results
All blastocysts survived after cryopreservation. Of these, 32 shrank just after warming (0 h, 72.7%); however, all embryos re-formed blastocoels at 1.5 h after warming. As shown in Table I , there were no differences in the oxygen consumption between the TE side and ICM side at any measurement times. Subsequently, the oxygen consumption of the ICM side was treated the same as that of the TE side.
At 24 h after culture, the numbers of blastocysts in the hatched, hatching, arrested and degenerated groups were 8 (18%), 12 (27%), 8 (18%) and 16 (36%), respectively. The survival rate at 24 h after culture was 63.6%. There were no significant differences in the BQSs of these groups until 4.5 h, as shown in Fig. 1 . However, the BQS in the degenerated group was significantly (P , 0.05) less than in the hatched group from 6 h onwards and the BQS in the arrested group was significantly lower than in the hatched group from 7.5 h onwards (P , 0.05), whereas the BQS of the hatching group was only significantly less than the hatched group at 24 h.
Oxygen consumptions (mean + SEM, fmol/s) of all vitrifiedwarmed blastocysts just after warming [0 h, 2.4 + 0.1 (n ¼ 44) were significantly lower (P , 0.05) than those of non-vitrified blastocysts (7.8 + 0.3 (n ¼ 10; Fig. 2) ]. There was no difference in oxygen consumption among the four groups at 0 h. The oxygen consumption of blastocysts in the hatched group increased with time and was significantly higher (P , 0.05) at 7.5 and 9 h than in the hatching group, and from 1.5 h onwards than in the arrested group and in the degenerated group. Blastocysts in the degenerated group also showed an increase in oxygen consumption until 4.5 h. Once morphological degeneration was observed at 6 h, the oxygen consumption decreased drastically and fell to 1.8 + 0.5 fmol/s (n ¼ 16) at 24 h.
There was a correlation between the cell number of the surviving blastocysts (hatched, hatching and arrested groups; 28 samples) and their oxygen consumption at 24 h (r 2 ¼ 0.44, P , 0.01). Mitochondrial CCO activity was detected in blastocysts at 24 h after warming, but not at 0 h (Fig. 3) .
Discussion
The results of the present study indicate that the oxygen consumption rate of blastocysts just after warming was significantly lower than that of fresh blastocysts. The oxygen consumption rate of blastocysts increased with time after warming. Blastocysts that retained high developmental competence recovered rapidly compared with those in other groups. Moreover, mitochondrial CCO activity was not observed at 0 h after warming, but was observed at 24 h. These data suggest that mitochondrial functions are restrained or obstructed somewhere during the cryopreservation process. The freezing process has been shown to induce damage to membranes and cristae in mitochondria of bovine embryos (Mohr and Trounson, 1981) ; however, broken membranes were not detected in the present experiments. Furthermore, the oxygen uptake by vitrified bovine blastocysts at 18 h after thawing was identical to that of non-vitrified blastocysts Oxygen consumption is expressed as fmol/s/blastocyst (no. of blastocysts). If the ICM was clearly discernible, the oxygen consumption of the TE adjacent to ICM (ICM side) and TE far from ICM (TE side) was measured. There were no significant differences in oxygen consumption between the points near and far from the ICM. (Kaidi et al., 2001) . In this study, after 6 h the oxygen consumption rate of vitrified and warmed human blastocysts in the hatched group had recovered to that exhibited by fresh blastocysts.
Oxygen consumption at the ICM and TE sides were almost identical (Table I ). This contrasts with animal studies, in mice, the TE consumed significantly more oxygen, produced more ATP and contained a greater number of mitochondria than the ICM (Houghton, 2006) . Amino acid turnover was also significantly greater in the TE than in the ICM. When compared with ICM, TE was believed to produce 80% of the ATP generated. Furthermore, the TE had higher pyruvate and lower glucose consumption than did the ICM in cattle (Gopichandran and Leese, 2003) . Based on the above evidence, the ICM of human blastocysts was believed to display a relatively lower TCA cycle activity than those of the TE. However, even when the electrode is over the ICM, it is likely to measure the oxygen consumption of the surrounding TE and there is no reason to suppose that the TE adjacent to the ICM has a different metabolic rate than in other regions.
In this study, we observed an increase in the oxygen consumption rate of blastocysts with culture time after warming. In particular, the respiration values of blastocysts in the hatched group recovered promptly when compared with those in the other groups. Oxygen consumption was highly dependent on developmental competence regardless of the BQS at 1.5-4.5 h after warming (Figs. 1, 2 and 4) . After 1.5 h of culture, the respiration activity of blastocysts in the hatched group was significantly higher than that of blastocysts in the degenerated group. An increase in the respiration rate as the preimplantation embryo develops to more advanced stages has been associated with an increase in energy demand for initiation of the compaction and blastocyst formation processes Trimarchi et al., 2000; Harvey et al., 2002 Harvey et al., , 2004 . Part of the ATP produced at the blastocyst level is the result of increased glycolysis and is therefore not related to oxygen consumption; nevertheless, 85% of the total ATP produced by the blastocyst is still generated by mitochondrial oxidative phosphorylation, a process that requires oxygen (Benos and Baladan, 1983; Leese, 2003) . Thus, increased oxygen consumption corresponds approximately to ATP production. As a result, the developmental competence of blastocysts might be supported by prompt recovery of the respiratory ability.
In spite of blastocoel re-formation, the respiratory capacity of mitochondria of vitrified-warmed blastocysts was no .70% of that of nonvitrified blastocysts at 1.5 h after warming. Data obtained in this study suggest that the respiratory capacity of mitochondria recovers gradually with time and that the morphology of blastocysts immediately after warming does not correlate well with the oxygen consumption rate.
At 24 h after warming, a strong correlation was observed between oxygen consumption and cell number, which is consistent with the correlation observed in bovine embryos (Kaidi et al., 2001; Lopes et al., 2005) . Therefore, selection based on morphology seems to be equal to oxygen consumption at this time. Thus, high-quality human blastocysts might be selected on the basis of the morphological criteria if vitrified-warmed blastocysts were cultured overnight after warming. However, in the clinical practice, the transfer of vitrifiedwarmed blastocysts is generally performed up to 5 -6 h after warming. As shown in this study, there was no difference in blastocyst morphology degree until 4.5 h after thawing. On the other hand, the measurement of oxygen consumption might be used as a parameter to identify the embryo with better chances to develop further almost immediately after the warming procedure. This is because the blastocyst that developed to hatched stages at 24 h had the highest oxygen consumption levels by 1.5 h culture post-warming. In other words, a blastocyst with high potential could be selected almost immediately after warming based on the oxygen consumption rate, but not by using morphological assessment.
The results of the present study propose a new parameter for the selection of a single vitrified-warmed blastocyst for transfer that has high developmental potential. However, it must be taken into account that in this experimental set up, embryos could have been exposed to cellular stress since they have been periodically removed from the incubator for evaluation. Thus, an improvement of the technology should be put in place to measure oxygen consumption in more optimal conditions (i.e. inside an incubator atmosphere). In addition, further investigation including the relationship between blastocyst oxygen consumption and its developmental competence after transfer is required.
Authors' roles M.Y., S.H., A.A. and Y.M. were equally involved in the literature review, experimental design, data acquisition, interpretation and analysis and manuscript preparation. T.I. and H.A. developed SCEM and were involved in data interpretation and analysis and manuscript preparation. Figure 4 Morphologies of blastocysts at 1.5 and 3.0 h after warming. (1.5A) An embryo whose oxygen consumption was 4.1 fmol/s at 1.5 h and developed to a hatched blastocyst (hatched group). (1.5B) An embryo whose oxygen consumption at 1.5 h was 2.6 fmol/s and later degenerated (degenerated group). (3.0A) An embryo whose oxygen consumption was 6.3 fmol/s at 3 h and developed to a hatched blastocyst (hatched group). (3.0B) An embryo whose oxygen consumption at 3 h was 4.4 fmol/s and later degenerated. The embryos that went on to hatch and to degenerate had identical BQSs, 8 after 1.5 h and 12 after 3 h. Although there was no difference in morphology at 1.5-4.5 h after warming among groups, the oxygen consumption of embryos categorized in the hatched group was higher than that of degenerated at 1.5 h and than that of arrested and degenerated groups at 3.0 -4.5 h.
